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Nomenclature a, a 0 crack length, initial value of the crack length A, C fitting parameter used in the linear regression I fit A,Ć fitting parameter used in the linear regression II fit E equivalent modulus f correction factor for the dimensionality of the specimen G I energy release rate in mode I h thickness of the laminate h 0 , h 90 thickness of the 0 • and 90 • plies, respectively K I stress intensity factor l half of the length of the specimen l e size of the element l f pz length of fracture process zone M , N fitting parameter used in the bilogarithmic regression fit P applied load. P u peak load R R-curve R 0 , R 90 R-curves for the 0 • ply an 90 • ply, respectively R ss steady-state value of fracture toughness R 0ss steady-state value of the fracture toughness of the 0 • ply s lm components of the compliance matrix computed in the x 1 -x 2 coordinate system t thickness of the specimen u l nodal displacement w half of the width of the specimen x 1 , x 2 preferred axes of the material Y m nodal load α, α 0 shape parameter, initial value of the shape parameter β, γ parameters used in the R-curve fit ∆a crack increment ϵ error ζ elastic parameter κ correction factor κ 0 correction factor κ for α = α 0 κ 0 derivative, with respect to α, of the correction factor κ for α = α 0 K matrix for the polynomial fitting of κ λ elastic parameter ξ shape-parameter ρ elastic parameter σ remote stress σ u ultimate nominal stresŝ σ u corrected value of the ultimate stress ϕ correction factor for an infinitely long specimen Φ matrix for the polynomial fitting of ϕ χ correction factor for the orthotropy of the material ψ correction factor for the length of the specimen Ψ matrix for the polynomial fitting of ψ Consider the geometry shown in Figure 1 . The width of the specimen is equal 46 to 2w and a 0 is the initial crack length. The length of the specimen is 2l.
In a two-dimensional orthotropic body, taking x 1 and x 2 as the preferred axes 49 of the material (see Figure 1 ), the mode I component of the energy release 50 rate for crack propagation in the x 1 -direction, G I , reads [12] :
where K I andÉ are respectively the stress intensity factor and the equivalent 52 modulus. The equivalent modulus reads:
where s lm are the components of the compliance matrix calculated in the x 1 -54 x 2 coordinate system, and λ and ρ are two dimensionless elastic parameters 55 defined as:
The stress intensity factor in equation (1) is a function of ρ, of the remote 57 stress σ, and of the shape and size of the specimen. Using the orthotropic 58 rescaling technique [12, 13] , the stress intensity factor of a notched bar can be 59 written as:
where ζ = λ −1/4 ξ, α = a/w and ξ = w/L are the shape-parameters, and κ 61 is the correction factor that depends on the geometry and orthotropy of the 62 material.
63
Replacing (4) in (1) the energy release rate reads:
where t is the thickness of the specimen and P is the applied load. Assuming 65 that κ is an increasing function of the crack length (the specimen has a pos-66 itive geometry), the size effect method can be used to measure the fracture 67 toughness of the material [11] . Equation (5) can be re-written as:
where α 0 is the initial value of the shape parameter, α 0 = a 0 /w. For different 69 sizes, w n , the crack driving-force curves G I corresponding to the peak loads, 70 P un , are tangent to R-curve, and this fact can be used to measure the R-71 curve, R. Mathematically the peak load, P u , or the ultimate nominal stress, 72 σ u = P u / (2wt), can be obtained from the following system of equations:
Assuming that the size effect law is known, σ u = σ u (w), using (5) in the first 74 of equation (7) yields: ing formula for the calculation of the length of the fracture process zone, l f pz , 87 and for the fracture toughness at propagation, R ss , are reported in Table 1 88 where κ 0 = κ| α=α 0 andκ 0 = ∂κ/∂α| α=α 0 .
89
[ According to Bao et al. [13] , the effect of the parameter ζ is negligible when 92 ζ ≤ 1/2; therefore, for a sufficiently long specimen the correction factor used 93 in equation (4) will be a function of α and ρ only. Under these circumstances 94 it is possible to express κ as:
where χ is the correction factor for the orthotropy of the material
f is the configuration correction factor for the dimensionality corresponding 97 to the isotropic case, i.e., when ρ = 1. The correction factor for the double 98 edge cracked specimen is given in Tada et al. [14] :
For materials with 0 ≤ ρ ≤ 4, the error obtained is negligible if κ is obtained 100 multiplying the correction factor for isotropic material of equation (12) for the 101 correction for the orthotropy (equation (11)) [13] . Consequently, the solution 102 of equation (10) is applicable in the case of quasi-isotropic laminates (in this 103 case χ = 1 and κ = f ), or of multidirectional laminates that are not highly 104 orthotropic (0 ≤ ρ ≤ 4).
105
If a cross-ply laminate is used, the parameter ρ will not satisfy this inequality, 106 taking values larger than 4; therefore equation (10) is not applicable. The self-similar crack propagation da in the cross-ply reads: can be rearranged as:
If a balanced cross-ply is used, h 0 = h 90 = h/2; therefore, the R-curve of 119 the ply in the longitudinal direction reads: R 0 = 2 R. This means that, for 120 a balanced cross ply, the fracture toughness in longitudinal direction, R 0 , is 121 simply twice the fracture toughness of the laminate, R.
122
The use of a balanced cross-ply to measure the fracture toughness of the 0 • 123 ply is proposed here. In this case, the influence of λ on the calculation of the 124 correction factor, κ, can be eliminated (because κ = 1 when s 11 = s 22 ) and 125 this parameter will only depend on α, ρ, and ξ. Since equation (10) 7 different values of α, ρ, and ξ. One-quarter of the specimen was modeled using 4-node plane stress reduced integration elements (CPS4R) [15] (Figure 2 ).
131
The material properties used in the CPS4R elements are the laminate elastic 132 properties, which are either calculated from the ply elastic properties and lay-133 up using lamination theory (unidirectional reinforcements), or directly mea-134 sured in experimental tests (woven fabrics).
135
Taking into account κ will be used in the test method to measure the R-curve driving force is equal to:
where Y m and u l are the load and the displacement in the x 2 direction of the 145 nodes m and l, respectively, and l e is the size of the element (see Figure 2 ).
146
The correction function κ can be obtained fitting the numerical results using 147 a polynomial function:
where K ijk is the element of the matrix K of indexes i, j, and k. The values 149 of the components of the matrix K are reported in Table 2 .
150
[ Observing equation (16) it is conclded that the correction factor κ depends 152 on ξ. Considering also equations (8) and (9) For an infinitely long specimen (ξ = 0), the correction factor κ reads:
where Φ ij is the element of the matrix Φ of indexes i and j. The matrix Φ 162 reads: If the specimen is long enough, equation (17) can be used to approximate the 168 correction factor. The corresponding error is: Figure 5 shows the average error, which is defined in equation (19), as a 170 function of ξ. As expected, the error ϵ increases increasing the shape parameter 171 ξ. In the range 0 < ξ < 0.2 the error is exactly the same of that for ξ = 0. In 172 the range 0.2 < ξ < 0.5 the error is higher but still less than 5% and therefore 173 acceptable, equation (17) can still be used to estimate the correction factor κ.
174
In the range ξ > 0.5 the error is unacceptably high and equation (16) should 175 be used. of κ when compared with equation (11). Figure 6 shows the correction factor 179 κ as a function of α for different values of ρ for an infinitely long specimen.
180
For quasi-isotropic laminates (ρ = 1) equations (11) and (17) it is convenient to factorize κ as follows:
where ϕ is the correction factor for an infinitely long specimen (obtained using 192 equation 17) and ψ reads: 
Equation (20) is less accurate than equation (16) ; however, because the aver-195 age error between the fitted function and the numerical points is less than 5%, 196 its use is still acceptable. Figure 7 shows the correction factor ψ as a function 197 of ρ and ξ. As expected, when ξ = 0 (infinetely long specimens), the correction 198 factor ψ is equal to 1. Defining a corrected value of the ultimate stress (or ultimate load) as:
The size effect law,σ u =σ u (w), can still be obtained choosing the best re-202 gression method of those reported in Table 1 . Equations (8) and (9) can be 203 rewritten as:
As previously explained, equation (25) can be solved obtaining w = w (∆a) 205 that substituted in equation (24) yields the R-curve, R (∆a).
206
It should be noted that in the case of multidirectional highly orthotropic The orthotropic rescaling technique is based on the rescaling of the x 1 -axis by ξ = λ 1/4 x 1 and it allows to draw a parallel between an orthotropic body (λ ̸ = 1) and a solid with cubic symmetry (λ = 1). For this reason, even if κ (α, ρ, ξ) was formally derived for the case of a cross ply laminate (that is a solid with cubic symmetry being λ = 1), if the orthotropic rescaling technique applies, the correction factor for the orthotropic body, κ (α, ρ, ζ) , takes the same value of equation (16) substituting ξ by ζ. It should be remembered that ξ and ζ are both dimensionless parameters and that in the case of a cross ply laminate ξ = ζ.
thickness of 2mm and a nominal fabric thickness of 0.2mm.
223
The cross-ply laminates also enable the calculation of the R-curve in the lon-224 gitudinal direction of the ply. The elastic parameter of the laminates as well 225 as the references to the corresponding previous investigations, are shown in 226   Table 3 .
227
[ Table 3 about here.]
228
The geometry of the specimens is reported in Figure 8 . To keep the tolerance 229 under control, in particular concerning the crack length, a 0 , and the width, 2w, 230 the specimens were machined in a CNC machine equipped with a 1mm drill 231 bit. The use of a 1mm drill bit does not lead to sharp crack tips; however this 232 is not problematic because: i) the specimen fails when the crack has already 233 propagated until its critical length; therefore at failure the crack tip is sharp; 234 ii) it has been shown that the fracture toughness measured in a center cracked 235 specimen with a crack machined using a drill bit and in a specimen with a 236 crack manufactured using a thin saw is virtually the same [21] . The free length, 237 2l, was controlled during the experimental tests to ensure that the condition 238 ξ ≤ 0.2 was always respected. all the tensile tests. The average and the standard deviation of the remote 247 stresses are shown in Table 6 .
248
[ Table 6 about here.]
249
The pictures of the failed specimens are shown in Figure (9) .
250
[ Fig. 9 about here.]
251
The size effect law (see Table 1 ) that best fit the data are the bilogarithmic 252 (for CP-IM7/8552 and CP-T800/M21 laminates) and the linear regression I
253
(QI-T700/AR-2527). Figure 10 shows the experimental data and the fitting 254 obtained for all the laminates. The parameters that give the best fitting are: To simplify the use of R-curve in numerical and analytical models it is useful to 299 express it analytically. A formula that has shown a good fitting of the R-curve 300 is:
where γ and β are the parameters that best fit the formula to the R-curve.
302
As an example, Figure 16 shows the R-curve for QI-T700/AR-2527 laminate 303 and the corresponding fitting. The parameters that best fit the R-curves of 304 the ply in the longitudinal direction are shown in Table 7 .
305
[ Fig. 16 about here.]
306
A comparison of the R-curves of the 0 • ply in the longitudinal direction for the 307 different materials is shown in Figure 17 . It is observed that the T800/M21 308 material has the highest value of the steady-state fracture toughness, R 0ss , 309 whereas the lowest value is observed for IM7/8552. Elements and the need to measure the crack length during the test.
317
The stress intensity factor used in the model can be easily obtained using a 318 polynomial approximation of the results of the application of the Virtual Crack
319
Closure technique in parametric Finite Element models of specimens with two 320 edge cracks loaded in tension. It is concluded that this is the preferred method 321 to calculate the stress intensity factor for general lay-ups and geometries.
322
IM7/8552, and T700/AR-2527 showed a crack resistance curve. The steady- Table 4 Specimen geometry.
40
A B C D E F CP-IM7/8552 X X X X CP-T800/M21 X X X X QI-T700/AR-2527 X X X X X X CP-T700/ACE X X X X X X Table 7 Parameter of the R-curve in the longitudinal direction of the ply.
